developed normally, without sexual reversal. Whereas on the polycone twigs, the microstrobili reversed sexually into megastrobili and produced polycones (Fig. 1) . Five groups of samples were collected: (1) microstrobili before the sexual reversal (PM_w), (2) bisexual strobili during the sexual reversal (PM_b), (3) megastrobili formed by the sexual reversal (PM_q) from a polycone twig, (4) megastrobili (PM_f) and (5) microstrobili (PM_m) from a normal twig. From each group, three replicates were made and stored in liquid nitrogen. The description of the collected material and their images are shown in Table 1 and Fig. 2 , respectively.
Materials and Methods

Test material
On April 6, 2016, material for the present study was collected from the gene collection area of the national P. massoniana seedling base, located in Ma'anshan (26°16' N and 107°31' E), Duyun, Guizhou Province, China. One 14 year old P. massoniana plant with polycones was selected as the study subject. The same plant contained both the normal and polycone twigs. On the normal twigs, both mega-and microstrobili D F A B C E Figs 2 m,f,w,b and q. Material sources of the normal and polycone twigs of the P. massoniana. m, microstrobili from a normal twig; f, megastrobili from a normal twig; w, microstrobili that had not yet been sexually reversed on the polycone twig; b, bisexual strobili during sexual reversal on the polycone twig and q, megastrobili formed from sexual reversal on the polycone twig. 
Results
Assembly and splicing of transcriptome
From the splicing quality as presented in Table 2 , it was observed that the base error rates of all samples are below 0.01%. 
RNA extraction and library construction
A Trizol kit (Invitrogen) was used to extract the total RNA, then the total RNA was treated with RNase-free DNase I (Takara Bio, Japan) for 30 min at 37°C to remove residual DNA. RNA quality was verified using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and were also checked by RNase free agarose gel electrophoresis. The mRNA was enriched with oligo dT beads for total RNA whose quality met the requirements. Further, the mRNA was fragmented into short segments in the fragmentation buffer. Using mRNA as a template, cDNA was synthesized with reverse transcriptase (RT) using random hexamers. Purification was completed with end repair and addition of a poly-A tail to the doublestranded cDNA, thus establishing a cDNA library. The cDNA library was then sequenced on an Illumina sequencing platform after the qualification examination.
Transcriptome analysis of P. massoniana polycone
After filtering raw data to remove low-quality sequences, and reads with adapters that produced an N-ratio greater than 0.1%, clean reads were obtained and evaluated further. The Trinity system [8] was used to splice the clean reads. The longest transcript of each gene, obtained thereby, was used as the unigene for subsequent analysis. Unigenes then were queried against the major databases with BLASTX and were further classified into the Gene 
The GO, KOG, and KEGG classification of unigenes
The functional classification of unigenes was performed using the GO database. In it's entirety, there were 56 functional groups identified, among which, cellular process (GO: GO:0009987), the binding (GO: 0005488), and metabolic process (GO:0008152) have most annotations. 
Unigene function annotation
According to the sequence similarity analysis, the resultant unigenes were queried in the NR, NT, KO, SwissProt, Pfam, GO, and KOG databases ( 
Gene expression differences between microstrobili and megastrobili of P. massoniana polycone
According to screening criteria, 1,188 DEGs were found for the comparison between the PM_b and the PM_w samples. Of these, 715 genes were up-regulated and 473 were downregulated. Further, a total of 4,768 DEGs were found for the comparison between the PM_q and the PM_w, of which, 2,075 genes were up-regulated and 2,717 were downregulated. For the comparison between PM_f and PM_m, a total of 5,550 DEGs were identified, of which 2,651 genes were up-regulated and 2,899 were down-regulated. Among them, there are 69 differential genes specific to microstrobili to bisexual strobili (PM-bvsPM-w), and these genes may be related to the process of the sexual reversa.
Analysis of unigenes involved in plant hormone signal transduction of P. massoniana polycone
Identified DEGs were subjected to the pathway enrichment analysis. It was found that the majority of the combinations among the paired comparisons were significantly
The greatest proportion belonged to ribosome, with a gene number of 1,767 (6.01%), followed by carbon metabolism and biosynthesis of amino acids. The latter two metabolic pathways showed a number of 1,523 (5.18%) and 1,130 (3.84%), respectively. Plant hormone signal conduction involves a total of 468 genes (1.59%).
Expression analysis of DEGs
Common DEGs from the paired analysis of the ploycone of P. massoniana were subjected to stratified cluster analysis (Fig. 3) . The PM_w from the polycone twig and the PM_m from the normal twig clustered together, while PM_q from the polycone twig and the PM_f from the normal twig clustered together. The difference between these two clusters was shown to be significant. The overall value of PM_b expression from the polycone twig also fell between the values of the microstrobili and the megastrobili. Principle component analysis (PCA) was performed for the expression of the unigenes of the ploycone of P. massoniana. The results demonstrated that the PM_b was located between the microtrobili and the megastrobili at the transition state of sexual reversal. This result is consistent with the actual situation and was observed with good reproducibility.
Figs. 3A-B.
Clustering of transcriptome expression of the P. massoniana. A, stratified clustering of DEGs of the polycone of P. massoniana; B, three-dimensional PCA of transcriptome data.
Expression of MADS-box genes involved in the megastrobili and microstrobili of P. massoniana
According to our search using the conserved MADSbox protein domain of Arabidopsis thaliana in the transcriptome data of P. massoniana, with using the method of local blastp, a total of 63 unigenes were identified as homologues to the MADS box transcription factor. Their expression was analyzed using R software ( Figure 5 ). It can be found that most of the MADS-box genes in the megastrobili and microstrobili of P. massoniana demonstrated either male or female preferred expression. For the expression of the MADS-box, there were two distinct expression patterns between the megastrobili and microstrobili. The genes from the megastrobili showed high expression in cluster 1 and the expression of PM_q was similar to that of PM_f. The genes from the microstrobili showed the high expression in cluster 2 and the expression of PM_w was similar to that of PM_m. The MADS-box genes of PM_b showed a higher expression level than the microstrobili on the cluster 1.
Discussion
P. massoniana is the main timber species in southern China as well as a pioneer afforestation plant to control enriched in the plant hormone signaling pathway (ko04075). Regarding the metabolic pathway of plant hormone signal transduction, there were 51 DEGs between the megastrobili and microstrobili from the polycone twig, with 26 up-regulated and 25 down-regulated. Also, there were 51 DEGs between the megastrobili and microstrobili from the normal twig, with 30 up-regulated and 21 downregulated. Altogether there were 36 DEGs common to the polycone and normal twigs, among which, 15 were related to the auxin (indole-3-acetic acid, IAA), three to gibberellic acid (GA), five to abscisic acid (ABA), three to zeatin nucleoside (ZR), two to salicylic acid (SA), four to brassinosteroid (BR) and three to cytokinin (CTK). With respect to the IAA metabolic pathway, ten genes were related to the small auxin upregulated RNA (SAUR) family, six to auxin-reactive protein IAA, and the expression of the six genes were all up-regulated in the megastrobili.
The genes and their related metabolic pathways are listed in Table 5 .
The DEGs between the megastrobili and microstrobili from the normal twig and those from the polycone twig, as well as their common DEGs which were related to the plant hormone signaling pathways are shown in Fig. 4 . Interestingly, the involved genes demonstrated either male or female preferred expression, associated with the sex difference. However, the expression of 36 common DEGs were all up-regulated in the bisexual strobili during sexual reversal from the polycone twig. transcription factor that is rapidly induced by auxin [20] . In A. thaliana, AUX / IAA gene-derived mutants induce auxin related phenotype abnormalities [21] [22] [23] . Recent genetic and molecular studies have shown auxin to be a major regulator of differential growth responses [24] . Previously, Wakushima et al. [25] were able to induce sex changes, and the production of bisexual strobili by administering exogenous hormones in conifers. The high expression of plant hormone related genes during the spontaneous reversal of P. massoniana indicated that the early response gene of IAA was related to the occurrence of sexual inversion. The sex system of gymnosperms is very complex when compared to the system of angiosperms [26] . However, some aspects of the control of female reproductive development are conserved between flowering plants and their sister group, the gymnosperms, indicating the presence of these processes in a common ancestor of the extant seeds plants [27] . Besides, gymnosperms do not produce petals, and their male reproductive organs are different from angiosperms stamens. In the classical plant flowering 'ABCDE model' [28] [29] , all genes belong to the MIKC type MADS-box gene except the AP2 gene [30] . In this model, class B genes play a key role in specifying the identity of male reproductive organs (stamens) and petals desertification. Polycone development is a special phenomenon occurring in P. massoniana, in both seedling base and in natural forests. To date, there have been few studies examining the sexual reversal mechanism of Pinus, especially P. massoniana.
During the reproductive growth of plants, there are a number of external and internal factors affecting the flower bud differentiation. Six signaling pathways have been identified to regulate the flowering of A. thaliana: photoperiod, vernalization, autonomous, gibberellin (GA), temperature-sensitive, and age-dependent control [10] . The regulation and interaction of plant endogenous hormones in plant tissues have direct effects on plant bud differentiation and sex determination [11] [12] [13] . In angiosperms which are monoecism, endogenous GA played a feminine role in the sex determination of Zea mays L. [14] . Sex-determining genes and plant hormones have some connection with the sex determination of Cucumis sativus L [15] [16] . The plant hormone, auxin, is at the core of many aspects of plant growth and development [17] [18] . In the bisexual strobili during sexual reversal of the polycone twig expression of many hormone related genes is up-regulated, especially the expression of SAUR and AUX / IAA. These two kinds of hormones belong to the early response genes of auxin [19] . AUX / IAA is a related DEGs between the two groups of DEGs (from the normal twig and the polycone twig) were all up-regulated in the bisexual strobili. This process involved a total of seven hormones, and the effect of IAA was the most significant. Among them, the expression of six auxinrelated genes were up-regulated in the megastrobili and bisexual strobili. There was a significant positive correlation between IAA signal transduction pathway and the occurrence of sexual reversal in the P. massoniana. The expression of MADS-box related genes in P. massoniana was found to be related to sex difference. A part of the MADS-box genes of bisexual strobili showed a higher expression than measured in the microstrobili. However, the expression of MADS-box genes in the bisexual strobili was similar to that of microstrobili.
during the development of flowers, while class C genes control female organ identity [31] , the absence of B gene expression leads to the formation of female reproductive organs [32] . Theissen et al. [33] found that the phylogenetic development of the MADS-box gene is similar to the origin and evolution of plant reproductive structures such as the ovule and flower. MADS-box as an important transcription factor in seed plants (including flowering plants and conifers) [34] , and plays an important role in controlling flower development and organ formation [35] . Comparing functions of the floral MADS-box genes in gymnosperms with their orthologues in the early angiosperm Amborella can improve our understanding of the transition of their control functions from cone to flower development in early angiosperm evolution [36] . According to our search of the conserved MADS-box protein domain of A. thaliana in the transcriptomic data of P. massoniana using the method of local blastp, a total of 63 unigenes were selected as homologues to the MADS-box transcription factor. Interestingly, the expression of MADS-box related genes in P. massoniana was found to be related to the gender difference. The MADS-box genes of PM_b that related to the process of sexual inversion showed higher expression than detected in the microstrobili in cluster 1. However, the expression of MADS-box genes in bisexual strobili was similar to that of microstrobili. The expression of many genes is regulated by transcription factors, and the different expression of MADS-box genes may be the first critical step during sex reversal.
At present, for the occurrence of P. massoniana inversion, there is no transcriptomic data available. Researches on the reversal of plant sex are still rare, and most of them only stay at the level of physiology and anatomy, many specific regulatory mechanisms are unclear. Questions remain, such as why the P. massoniana polycone can have both twigs of the polycone and normal cone, and yet, these twigs can inherit stably; how do plant hormones interact and respond to control the differentiation of flower buds; or the role of specific regulation factors in the phenomenon of the sexual reversal. However, the answers to these questions are not yet known, it need learning and exploring more deeply.
Conclusions
Results of the present study demonstrated that DEGs of the megastrobili and microstrobili of the normal and polycone twigs of P. massoniana exhibited male and female preferred expression in the plant hormone signal transduction pathways. A total of 36 common hormone-
